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Summary
Background Postprandial glucose concentration 1-h (1 h-PG) after an oral glucose tolerance test (OGTT) has similar or
superior performance to 2 h-PG in predicting type-2 diabetes mellitus (T2DM) in several populations, and is simpler
to obtain in clinical practice. However, studies in Asians are scarce. We investigated the utility of elevated baseline
1 h-PG in predicting T2DM incidence within three years, and its relationship with β-cell function in 1250 non-
diabetic Asian participants.

Methods Participants underwent an OGTT, an intravenous glucose challenge and a hyperinsulinemic-euglycemic
clamp to determine glucose tolerance, acute insulin response (AIR) and insulin sensitivity at baseline. OGTTs
were repeated every six months until study completion to monitor T2DM conversion.

Findings The area under the receiver operating characteristic curve of 1 h-PG was not significantly different from 2 h-
PG (AUC1h-PG = 0.883 vs. AUC2h-PG = 0.907; ΔAUC = −0.024, P = 0.124) and the optimal 1 h-PG cut-off was
≥10.7 mmol/L. When groups of high/low 1 h-PG and 2 h-PG at baseline were compared, AIR and disposition
index were significantly lower in groups with high 1 h-PG, and both had a stronger correlation with 1 h-PG,
indicating that impaired β-cell function was more strongly associated with elevated 1 h-PG than 2 h-PG.

Interpretation The ability of 1 h-PG to detect Asians at risk of developing T2DM within three years is on par with 2 h-
PG and the optimal cut-off is 10.7 mmol/L. Elevated 1 h-PG is associated with β-cell dysfunction. We conclude that
1 h-PG can be considered as a primary OGTT time point to identify Asians at risk for T2DM, allowing for screening at
a reduced time and cost, and with lower patient burden.
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Fund [NMRC/MOHIAFCat1/0048/2016] and Janssen Pharmaceuticals Inc. (USA).

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).
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Introduction
The use of fasting plasma glucose concentration and
glycated hemoglobin (HbA1c) have limited sensitivity to
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detect individuals at high risk of type-2 diabetes mellitus
(T2DM).1 Rather, glucose concentrations after a dy-
namic challenge, such as the oral glucose tolerance test
Medicine, 1E Kent Ridge Road, Level 10, NUHS Tower Block, 119228,
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Research in context

Evidence before this study
The 1-h OGTT postprandial glucose (1 h-PG) has performed
equally well or even better than the 2 h-PG in identifying
prediabetes and predicting risk of Type 2 Diabetes Mellitus
(T2DM). The optimal cut-off of 8.6 mmol/L for predicting risk
of T2DM was derived from studies in predominantly
Caucasian populations, namely the San Antonio Heart Study,
and the Botnia and Malmö Prevention Study cohorts. To
evaluate the current evidence in Asian populations, we
performed a PubMED search with the terms (1 h ogtt) AND
(asian) from 2007 to 2023 and sieved our publications that
assessed for an optimal 1 h-PG cut-off for predicting risk of
T2DM. In addition, we studied the references of the Asian
studies that were featured in the recently published 2024
International Diabetes Federation position statement on the
use of 1 h-PG. Two Indian studies by the same group reported
8.5–8.6 mmol/L, while the Korean study was 8.0 mmol/L.
However, the Japanese study found the optimal 1 h-PG cut-
off to be 179 mg/dL (9.9 mmol/L) while the Chinese study
reported the optimal 1 h-PG cut-off to be 9.25 mmol/L. The
remaining two studies (Indian and Thai) did not perform
sensitivity analysis to determine the optimal cut-off and used
the recommended value of 8.6 mmol/L. Thus, a suitable 1 h-
PG threshold for Asians remains unclear.

Added value of this study
We leveraged on a first-of-its-kind, deep metabolic
phenotyping longitudinal study in Singapore representing
major Asian ethnic groups in the region (Chinese, Malay,
Indian). This study tracked progression to T2DM over a period
of three years by undergoing an OGTT every 6 months, as
well as changes in insulin sensitivity and secretion using the
hyperinsulinemic-euglycemic clamp and intravenous glucose
tolerance test to measure the acute insulin response
respectively. With this cohort, we investigated the utility of

elevated 1 h-PG at baseline in predicting the development of
T2DM, and characterized the relationship of elevated 1 h-PG
with the mechanisms regulating glucose homeostasis. We
found that the diagnostic performance of 1 h-PG to detect
Asians at risk of developing T2DM within three years is on par
with 2 h-PG. The optimal threshold for identifying those at
high risk is 10.7 mmol/L, which is significantly higher than the
widely used cut-off of 8.6 mmol/L. Elevated 1 h-PG was
associated with impaired insulin secretion and β-cell
dysfunction.

Implications of all the available evidence
The optimal threshold for risk detection in our population
was 10.7 mmol/L, which is significantly higher than the
recommended value of 8.6 mmol/L in non-Asian populations.
This is likely related to the Asian metabolic phenotype being
substantially different from the Caucasian one, and
underscores the importance of not assuming a one-size-fits-
all approach as different ethnic populations are unique in their
etiology of T2DM progression. If 8.6 mmol/L had been used
in our population, the percentage of false positives would be
50%, which is much higher than 19% when 10.7 mmol/L was
used. From a population health perspective, using a sub-
optimal cut-off would place an unnecessary economic burden
on population screening for T2DM risk. However, we also
acknowledge that variability in thresholds can be attributed to
the different follow up durations. Given the relatively higher
contribution of impaired insulin secretion in the pathogenesis
of T2DM in East Asians which represents the majority in our
study population, as well as the time- and cost-saving
advantage over the 2 h-PG, we recommend the 1 h-PG of cut-
off 10.7 mmol/L be considered as a primary post-load glucose
time point to identify Asians in this region who are at
elevated risk for T2DM.
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(OGTT), are more sensitive in predicting T2DM risk,
despite being less reproducible.2 Since the demonstra-
tion, in 1913, that ingested carbohydrates lead to fluc-
tuations in circulating glucose,3 multiple time-point
OGTTs have been used in clinical medicine to assess
glucose tolerance.4 Much later, in the 1980s, the test was
simplified to include just a single measurement of
glucose concentration at 2 h after glucose ingestion, due
to its strong association with the occurrence of diabetic
retinopathy.2 However, the current thresholds of 2-h
glucose levels are apparently not optimal in capturing
individuals at-risk. In the US, approximately 30% of
those who developed T2DM within a ten year period had
normal glucose tolerance at baseline.5 Importantly,
states of intermediate hyperglycemia such as prediabe-
tes or impaired glucose tolerance (IGT) may already be
associated with significant microvascular6 and macro-
vascular7,8 damage. Accordingly, there is a need to
improve the diagnostic ability of the OGTT to identify
those at-risk of T2DM.

In recent years, the 1-h OGTT postprandial glucose
(1 h-PG) has performed equally well or even better than
the 2 h-PG in identifying prediabetes and predicting risk
of T2DM.9–12 The 1 h-PG is also able to detect early
stages of hyperglycemia even before the onset of IGT.13

The widespread use of the “optimal” cut-off of
8.6 mmol/L9,10 was derived from studies in predomi-
nantly Caucasian populations, namely the San Antonio
Heart Study, and the Botnia and Malmö Prevention
Study cohorts. In the 2024 International Diabetes
Federation position statement on the use of 1 h-PG,14 of
the seven Asian cohort studies for T2DM prediction of
1 h-PG that were featured, the optimal 1 h-PG cut-offs
reported for two Indian studies by the same group
were 8.5–8.6 mmol/L,15,16 while the Korean study was
8.0 mmol/L.17 However, the Japanese study found the
www.thelancet.com Vol 54 January, 2025
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optimal 1 h-PG cut-off to be 9.9 mmol/L18 while the
Chinese study reported the optimal 1 h-PG cut-off to be
9.25 mmol/L,19 much higher than the recommended
cut-off of 8.6 mmol/L. The remaining two studies (In-
dian20 and Thai21) did not perform sensitivity analysis to
determine the optimal cut-off and used the recom-
mended value of 8.6 mmol/L. Thus, a suitable 1 h-PG
threshold for Asians remains unclear.

An elevated 1 h-PG in non-Asian individuals who
meet current criteria for normal glucose tolerance is
associated with insulin resistance,12 impaired β-cell
function,22 unfavorable inflammatory profile,23 as well as
an increased risk of developing diabetes-related com-
plications such as cardiovascular disease and retinop-
athy.24,25 Thus, assessing the relationship of 1 h-PG with
the mechanisms regulating plasma glucose homeostasis
(i.e., insulin sensitivity and insulin secretion) and eval-
uating its utility in predicting T2DM risk is beneficial
for diagnostic purposes and can also have important
practical implications by allowing for a shorter and more
cost-effective OGTT in clinical medicine. In this present
report, we leverage on a deep metabolic phenotyping
longitudinal study in Singapore, which tracks progres-
sion to T2DM over a period of three years. We aimed to
investigate the utility of elevated 1 h-PG at baseline in
predicting the development of T2DM, and characterize
the relationship of elevated 1 h-PG with the mecha-
nisms regulating glucose homeostasis.
Methods
Study participants
The “Assessing the Progression to Type-2 Diabetes”
(APT-2D) study is a nationwide, open cohort observa-
tional study in Singapore that tracked the natural pro-
gression of glycemic control among non-diabetic Asians
over a period of 3 years or until conversion to T2DM.26

Apparently healthy adults of both sexes, between the
ages of 30 and 70 years, and of any body mass index
(BMI), who were not on any long-term medications that
could affect glucose metabolism, and had no prior his-
tory of diabetes, were recruited. Participants provided
written informed consent prior to joining the study,
which was approved by the Domain Specific Review
Board of the National Healthcare Group (ref: 2016/
00096) in Singapore and is registered with
ClinicalTrials.gov (NCT02838693).

Experimental procedures
Participants came to the study site for up to nine visits,
including two baseline visits (Visits 1 and 2), followed by
monitoring visits every six months (Visits 3–8) and the
final visit (Visit 9) over a period of 3 years
(Supplementary Fig. S1). If a participant was found to
have converted to T2DM during a monitoring visit, the
participant immediately proceeded to Visit 9. For all
visits, participants were admitted after having fasted
www.thelancet.com Vol 54 January, 2025
overnight for 10–12 h. They were instructed to abstain
from performing any strenuous exercise on the previous
day, and from consuming fat-rich foods on the preced-
ing three days, to avoid potential delayed metabolic ef-
fects of exercise and high-fat diet on metabolism.
Participants arrived in the morning (∼08:00 h). Height,
weight and vital signs (heart rate and blood pressure)
were obtained by standard methods after 5 min of rest,
before any testing began. Additionally, for visits 2 and 9,
body fat percent and fat-free mass (FFM) were assessed
by using bioelectrical impedance analysis (Tanita Cor-
poration, Japan).27

Oral glucose tolerance test (OGTT)
Participants underwent a 2-h OGTT during the first
baseline visit and all monitoring visits (# 1 and 3–8). An
indwelling catheter was inserted into an antecubital vein
of one arm for blood sampling. A fasting blood sample
was obtained at t = 0 min, and then participants ingested
a solution containing 75 g of glucose; additional blood
samples were obtained at t = 10, 20, 30, 60, 90 and
120 min for measurement of glucose, insulin and C-
peptide concentrations. HbA1c was only measured
fasting. Participants who were found to have undiag-
nosed T2DM after baseline Visit 1 were excluded from
the study. T2DM was defined by using the American
Diabetes Association criteria for fasting plasma glucose,
2 h-PG, and HbA1c.28 At least two of the three param-
eters needed to be in the diabetic range: HbA1c ≥ 6.5%,
fasting plasma glucose ≥7 mmol/L, or 2 h-PG ≥
11.1 mmol/L. If only one of the three parameters was in
the diabetic range, the participant would return within
one month for a confirmatory test before the second
visit. If the same parameter was still elevated, or if two
of the three parameters were within the diabetic range
during the confirmatory test, the participant would be
classified as having newly diagnosed T2DM and would
be excluded from the study. Prediabetes was defined by
using the American Diabetes Association criteria of at
least one of the three parameters: HbA1c is ≥ 5.7%
and <6.5%, fasting plasma glucose is ≥ 5.6 mmol/L and
<7.0 mmol/L, or 2 h-PG ≥ 7.8 mmol/L and
<11.1 mmol/L.28

Intravenous glucose challenge and hyperinsulinemic-
euglycemic clamp
During the second baseline and final study visits (# 2
and 9), indwelling catheters were inserted into an
antecubital vein of one arm to infuse insulin and
dextrose, and a forearm vein in the contralateral arm for
blood sampling. A bolus of 50% dextrose (0.3 g of
glucose per kg body weight) was administered intrave-
nously and blood samples were obtained at t = 0 min
(fasting) and at 2, 3, 4, 5, 6, 8 and 10 min from the
opposite arm, for measurement of glucose and insulin
concentrations, to determine the acute insulin response
to glucose (AIR). Twenty minutes later, a 3-h
3
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hyperinsulinemic-euglycemic clamp procedure was
initiated. Insulin (Actrapid; NovoNordisk, Denmark)
was infused at a constant rate of 60 mU per m2 of body
surface area per minute for the duration of the clamp
procedure. Plasma glucose concentration was measured
every 5 min at bedside and 20% dextrose solution was
infused at a variable rate to maintain euglycemia
(100 mg/dL or 5.6 mmol/L). Four additional blood
samples were obtained (every 10 min) to determine
glucose and insulin concentrations during the steady-
state period of the clamp (last 30 min of the procedure).

Sample analysis
The concentration of plasma glucose during the intra-
venous glucose challenge and the euglycemic clamp
procedure was measured by the glucose oxidase method
on an automated glucose analyzer (YSI 2300; Yellow
Spring Instruments, Yellow Springs, OH, USA). Plasma
insulin and C-peptide concentrations were determined
by chemiluminescence immunoassays (ADVIA Centaur
XP; Siemens, Germany). HbA1c was measured in
whole blood by cation-exchange high performance
liquid chromatography (Bio-Rad Variant II Turbo; Bio-
Rad, CA, USA). Plasma glucose during the OGTT was
determined by the AU5822 general chemistry analyzer
(Beckman Coulter, CA, USA) at the National University
Hospital Referral Laboratory (accredited by the College
of American Pathologists).

Calculations
Whole-body glucose uptake and insulin sensitivity
The average rate of dextrose infusion during the
steady-state period of the clamp procedure (final
30 min) approximates the insulin-mediated whole-
body glucose disposal (M-value, normalized to fat-free
mass), as the relatively high insulin infusion rate (60
mU per m2 of body surface area per min) is expected
to almost completely suppress hepatic glucose pro-
duction in people without diabetes.29 Insulin sensi-
tivity was calculated as the M/I ratio, i.e., glucose
disposal divided by the steady-state plasma insulin
concentration (i.e., average insulin concentration
during the final 30 min of the clamp). The M/I ratio
adjusts glucose disposal rate for potential differences
in steady-state insulin concentrations attained during
the clamp.30

Acute insulin response to intravenous glucose
AIR is a measure of first phase insulin secretion and
was calculated as the incremental area under the insulin
concentration curve, by using the trapezoid rule, during
the first 10 min after the intravenous glucose bolus.31

Disposition index (DI)
The DI, a measure of the overall pancreatic β-cell
function, was calculated as the product of insulin
sensitivity and insulin secretion, i.e., M/I x AIR.
Statistical analysis
Statistical analyses were carried out with SPSS version
29 (IBM SPSS, Chicago, IL) and R version 4.4.2. Asso-
ciations between continuous parameters were assessed
by Pearson’s correlation and comparisons between two
groups were conducted by Student’s T-test for inde-
pendent samples. Steiger’s Z-test was conducted to test
the difference between two correlation coefficients ob-
tained from the same sample, with the two correlations
sharing one variable in common.32 Receiver Operator
Characteristics (ROC) curve analysis was used to assess
the ability of the glucose parameters at baseline in
discriminating future T2DM converters from controls.
When demographic factors were included together with
a glucose parameter in the analysis, logistic regression
with T2DM incidence as the outcome was run to model
the predicted probabilities before running the ROC
analysis. Net Reclassification Improvement (NRI) and
Integrated Discrimination Improvement (IDI) analyses
were performed using Hmisc package in R.9 To identify
the optimal 1 h-PG threshold that maximizes the sum of
sensitivity and specificity for incident T2DM prediction,
the following parameters were calculated from the
confusion matrix for each 1 h-PG cutoff value
ranging from 7.6 to 11.5 mmol/L: sensitivity =
TP/(TP+FN); specificity = TN/(TN+FP); Youden’s
index = sensitivity + specificity −1; positive predictive
value = TP/(TP+FP); negative predictive value =
TN/(TN+FN). To investigate the metabolic phenotype
of individuals with elevated 1 h-PG and/or 2 h-PG, a
subset of participants with FPG <5.6 mmol/L and
HbA1c < 5.7% were categorized into four groups based
on the presence (high) or absence (low) of 1 h-
PG ≥ 10.7 mmol/L and 2 h-PG ≥ 7.8 mmol/L at baseline.
Comparison between the four groups (1 h-PGlow 2 h-PGlow

vs. 1 h-PGhigh 2 h-PGlow vs. 1 h-PGlow 2 h-PGhigh vs.
1 h-PGhigh 2 h-PGhigh) was conducted by using chi-square
test for categorical variables and one-way ANOVA with
Sidak’s post-hoc tests for continuous variables. Adjustment
for important subject characteristics that were significantly
different between groups such as age, sex and BMI was
performed by using analysis of covariance, followed by
Sidak’s post-hoc analysis.

Role of funding source
This work was supported by the National Medical
Research Council (NMRC), Ministry of Health (MOH;
Singapore) Industry Alignment Fund [NMRC/MOHIAF-
Cat1/0048/2016] and Janssen Pharmaceuticals Inc. (USA).
In-kind contributions were supported by the National
University Hospital (NUH) and the National University of
Singapore (NUS). The funders had no role in the writing
of the manuscript or the decision to submit it for publi-
cation. The funders had no role in the data collection,
analysis or interpretation, trial design or participant
recruitment. The authors were not paid to write this article
by a pharmaceutical company or any other agency. All
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Results
Study population characteristics
From April 2016 to December 2018, a total of 2668 par-
ticipants provided informed consent for the study. Of
these, 2126 proceeded to complete the initial baseline visit,
while 416 either withdrew or were excluded from the study
due to not meeting the inclusion criteria (e.g., absence of
T2DM). The remaining 1710 participants completed the
second baseline visit, of whom 1271 (74.3%) successfully
completed the final study visit. However, 21 participants
were subsequently excluded from the study (4 due to
inability to confirm diabetes status, 9 due to failure to
obtain accurate data during the metabolic tests, and 8 due
to being of non-Asian descent). Therefore, data from 1250
participants of Asian descent were used in the analysis
(Fig. 1). Out of the 1250 participants, 40.6% had predia-
betes at baseline and 6.2% developed T2DM within 3 years
(Table 1). The mean age and BMI were 48 ± 10 years and
25.0 ± 4.4 kg/m2, respectively. There were slightly more
females (57%) than males, and the majority were of Chi-
nese ethnicity (70%), typical of the population distribution
in Singapore (Table 1).
baseline OGTT visit (Visit 1)

baseline FSIVGTT and EHC visit (Visit 2)

the informed consent

visit (Visit 9)

Final number
N = 1250

Fig. 1: Participant flowchart.

www.thelancet.com Vol 54 January, 2025
1 h-PG is equivalent to 2 h-PG in predicting T2DM
incidence
The glucose indices (FPG, HbA1c, 1 h-PG and 2 h-PG)
correlated with each other to a variable extent, with 1 h-
PG having a strong correlation with 2 h-PG (Pearson’s
R = 0.729, P < 0.001); correlations of postprandial
glucose concentrations with FPG and HbA1c were more
modest, but all statistically significant (Pearson’s
R = 0.356–0.507, P < 0.001). The population distribu-
tions of the future T2DM converters had significantly
higher mean values for all glucose parameters than the
distributions of non-converters, with visually more
distinct separation between populations for 1 h-PG and
2 h-PG (Fig. 2A and B) as compared to FPG and HbA1c
(Fig. 2C and D).

The ROC curve analyses indicated that all glucose
parameters had significant discriminatory ability for
T2DM incidence (Table 2). While the 2 h-PG had a
larger AUCROC (0.907 (0.878, 0.935)) than the 1 h-PG
(0.883 (0.849, 0.917)), the two AUCs were not signifi-
cantly different from each other (ΔAUC = −0.024
(−0.054, 0.007), P = 0.124, Table 2; Fig. 3). The AUCROC

of FPG (0.782 (0.726, 0.839)) and HbA1c (0.801 (0.743,
0.859)) were significantly smaller to 2 h-PG (ΔAUC for
FPG = −0.124 (−0.184, −0.065), P < 0.001; and ΔAUC
for HbA1c = −0.105 (−0.169, −0.041), P = 0.001;
439 withdrew or 
were excluded

416 withdrew or 
were excluded

542 withdrew or
were excluded

8 excluded as ethnic group is
non-Asian
9 excluded due to errors in data

4 excluded as non-diabetes
status was not confirmed at
baseline

5
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N 1250

Prediabetes, N (%) 508 (40.6%)

Incident T2D, N (%) 77 (6.2%)

Age, yrs 47.7 ± 9.8

Sex, N (%)

Males: Females 541 (43%): 709 (57%)

Ethnic group, N (%)

Chinese 878 (70%)

Malay 140 (11%)

Indian 181 (14%)

Other 51 (4%)

BMI (kg/m2) 25.0 ± 4.4

Waist-to-hip ratio 0.870 ± 0.061

2 h-PG (mmol/L) 6.3 ± 1.9

1 h-PG (mmol/L) 8.8 ± 2.4

Fasting PG (mmol/L) 4.9 ± 0.5

HbA1c (%)a 5.5 ± 0.4

Data is displayed as mean ± SD or N (%). aN = 1242.

Table 1: Baseline characteristics of the study population.
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respectively, Table 2), indicating an inferior discrimi-
natory ability for T2D. When the ROC curve analyses
were adjusted for age, sex, ethnic group, and either BMI
or body weight, the conclusions remained the same
(Supplementary Table S1). Similarly, the NRI and IDI
analyses comparing the discriminatory ability of 1 h-PG
against 2 h-PG showed slight differences of marginal
significance, overall indicating that the net proportion of
correctly predicted T2DM was slightly improved when
using 1 h-PG over 2 h-PG (Supplementary Table S2).
Fig. 2: Population distribution of glucose parameters at baseline of futur
OGTT, (B) 1h plasma glucose after OGTT, (C) fasting plasma glucose, (D
Given the performance of 1 h-PG was on par with
2 h-PG, using 1 h-PG in clinical settings would be less
time-consuming for the clinician and less burdensome
for the patient. We subsequently attempted to identify
the optimal 1 h-PG threshold for T2DM prediction
performance as a potential clinical screening tool. The
1 h-PG threshold that maximized the sum of sensitivity
(0.831) and specificity (0.812) in predicting T2DM in our
Asian population was ≥10.7 mmol/L (Supplementary
Table S3). At this cut-off, the prevalence of partici-
pants who had elevated 1 h-PG was 23%, with positive
predictive value = 0.225 and negative predictive
value = 0.987 (Supplementary Table S3). This meant
that of the 1250 participants, 284 had a 1 h-PG value
equal to or higher than 10.7 mmol/L at baseline, and
22.5% of them would develop T2DM within three years
vs. 1.3% of participants with 1 h-PG <10.7 mmol/L at
baseline. During the study, out of the 77 participants
who developed T2DM (ranging from six months to
three years after baseline), 91% of them had 1 h-
PG ≥ 10.7 mmol/L during the OGTT at the time of
conversion, which is comparable to 99% of them having
2 h-PG ≥ 7.8 mmol/L.

Elevated 1 h-PG is associated with impaired AIR
and β-cell function
To investigate whether 1 h-PG ≥ 10.7 mmol/L identifies
a metabolically abnormal subgroup of the population
independent of IGT (i.e., 2 h-PG ≥ 7.8 mmol/L), we
looked at the baseline data of a subset of participants
who had both FPG <5.6 mmol/L and HbA1c < 5.7% and
e T2DM converters vs. non-converters: (A) 2 h plasma glucose after
) HbA1c. Student’s T-test for independent samples was used.

www.thelancet.com Vol 54 January, 2025
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Parameter ROC (95% CI) P-value ΔAUC vs. 2 h-PG P-value vs.
2 h-PG

2 h-PG 0.907 (0.878, 0.935) <0.0001 – –

1 h-PG 0.883 (0.849, 0.917) <0.0001 −0.024 (−0.054, 0.007) 0.12

FPG 0.782 (0.726, 0.839) <0.0001 −0.124 (−0.184, −0.065) <0.0001

HbA1ca 0.801 (0.743, 0.859) <0.0001 −0.105 (−0.169, −0.041) 0.0013

Receiver Operator Characteristics (ROC) curve analysis was used to assess the ability of the glucose parameters in
discriminating future T2DM converters from controls at baseline in 1250 non-diabetic Asian participants.
aN = 1242.

Table 2: ROC curve analysis of glucose parameters for T2DM incidence.
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categorized them into normal glucose tolerance (NGT:
1 h-PG < 10.7 mmol/L and 2 h-PG < 7.8 mmol/L), 1 h-
PGhigh only (1 h-PG ≥ 10.7 mmol/L and 2 h-
PG < 7.8 mmol/L), 2 h-PGhigh only (1 h-
PG < 10.7 mmol/L and 2 h-PG ≥ 7.8 mmol/L), or both
1 h-PGhigh and 2 h-PGhigh (1 h-PG ≥ 10.7 mmol/L and
2 h-PG ≥ 7.8 mmol/L). Of the 857 participants, 684
were NGT, 51 had 1 h-PGhigh only, 54 had 2 h-PGhigh

only and 68 had both 1 h-PGhigh and 2 h-PGhigh

(Table 3). The four groups were significantly different in
sex and BMI, and these parameters together with age
and ethnic group were adjusted for in Table 3. As ex-
pected, compared to the NGT group, the combined 1 h-
PGhigh and 2 h-PGhigh group had the highest glucose
levels (fasting glucose, 1 h-PG, 2 h-PG and HbA1c),
followed by the 1 h-PGhigh only and the 2 h-PGhigh only
groups. Aside from the combined 1 h-PGhigh and 2 h-
PGhigh group having slightly elevated triglyceride and
ALT concentrations and slightly lower HDL concentra-
tions vs. NGT, there were no differences in body fat
distribution, lipid panel, blood pressure and pulse rate
between groups. Fasting insulin was slightly elevated in
the two groups with high 1 h-PG, but only 1 h-PGhigh

group had significantly higher levels than the NGT
group. While peripheral insulin sensitivity (M/I) was
significantly lower than NGT only in the combined 1 h-
PGhigh and 2 h-PGhigh group, AIR and DI were signifi-
cantly lower in the two groups with elevated 1 h-PG vs.
the NGT group, indicating an impairment in the β-cell
response was associated with elevated 1 h-PG (Table 3).

From the correlation analysis, both 1 h-PG and 2 h-
PG correlated significantly with M/I (R1h-PG = −0.247,
P < 0.001; R2h-PG = −0.295, P < 0.001), while the absolute
magnitude was larger for 2 h-PG, there was no signifi-
cant difference in the strength of association of 1 h-PG
and 2 h-PG with M/I (Steiger’s Z test P = 0.062). In
contrast, only 1 h-PG was significantly correlated with
AIR (R1h-PG = −0.118, P < 0.001; R2h-PG = −0.005,
P = 0.874). In terms of overall β-cell function reflected by
the DI, there was a stronger association with 1 h-PG
than with 2 h-PG (R1h-PG = −0.332, P < 0.001; R2h-

PG = −0.207, P < 0.001; Steiger’s Z test P < 0.001). When
the full participant population of 1250 was analyzed, the
correlation trends were similar although significance
was also observed between 2 h-PG and AIR, and 2 h-PG
had a stronger association with M/I than 1 h-PG
(Supplementary Table S4).
Fig. 3: ROC curves of baseline 1 h-PG vs. 2 h-PG for T2DM incidence.
Discussion
Consistent with previous studies in non-Asian pop-
ulations,9,10 we have found that 1 h-PG is an adequately
good predictor of future T2DM incidence in Asians with
almost all those who converted to T2DM (91%) exhib-
iting elevated 1 h-PG levels at the time of conversion.
However, the optimal threshold for risk detection in our
population was 10.7 mmol/L, much higher than the
www.thelancet.com Vol 54 January, 2025
recommended value of 8.6 mmol/L in non-Asian pop-
ulations. The diagnostic performance of 1 h-PG based
on that cutoff was on par with 2 h-PG. When we used
other measures of T2DM risk—such as presence of
prediabetes or IGT—as the discriminatory outcomes in
the ROC curve analysis, the threshold values were
9.4 mmol/L and 9.6 mmol/L, respectively, still consid-
erably higher than 8.6 mmol/L (Supplementary
Table S5), suggesting a differential response in Asians
compared with those in the San Antonio Heart Study,
and the Botnia and Malmö Prevention Study cohorts,
which comprised predominantly Caucasian pop-
ulations.9,10 This is likely related to the Asian metabolic
phenotype being substantially different from the
Caucasian one.33 One such difference could be in the
rate of gastric emptying, which in turn directly affects
the early post-prandial glucose response.34 A small study
by Wang et al. found that Chinese individuals had more
rapid gastric emptying than Caucasians and this was
associated with greater post-prandial glycemic excur-
sions.35 Other East Asian studies have reported higher
threshold values of 1 h-PG as an indicator for T2DM
risk. Besides the cohort studies highlighted earlier,18,19 a
Chinese study of 2886 participants reported an optimal
1 h-PG diagnostic threshold for prediabetes of
10.1 mmol/L,36 and a Japanese study of 918 participants
reported an 1 h-PG ≥ 9.4 mmol/L as the optimal
threshold for presence of IGT.37 These results
7
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Parameter NGT 1 h-PGhigh only 2 h-PGhigh only 1 h-PGhigh &
2 h-PGhigh

P-value

N (%) 684 (80%) 51 (6%) 54 (6%) 68 (8%) –

Sex, N (%)

Males 283 (41%) 31 (61%) 17 (31%) 33 (49%) 0.012

Females 401 (59%) 20 (39%) 37 (69%) 35 (51%)

Ethnic group, N (%)

Chinese 491 (72%) 35 (69%) 32 (59%) 49 (72%) 0.19

Malay 66 (10%) 4 (8%) 12 (22%) 8 (12%)

Indian 101 (15%) 8 (16%) 7 (13%) 6 (9%)

Other 26 (4%) 4 (8%) 3 (6%) 5 (7%)

Age (yrs) 45.7 (45.0, 46.3) 46.1 (43.0, 49.1) 42.3 (40.1, 44.4) 45.5 (43.1, 47.8) 0.077

BMI (kg/m2) 24.3 (24.0, 24.6) 24.9 (23.4–26.4) 26.8 (25.3–28.2)b 25.7 (24.8–26.7)c <0.0001

Waist-to-hip ratio 0.870 (0.864, 0.877) 0.873 (0.858, 0.888) 0.886 (0.871, 0.890) 0.886 (0.873, 0.899) 0.031

Body fat (%) 28.3 (28.0, 28.6) 28.5 (27.4, 29.6) 28.8 (27.7, 29.8) 28.0 (27.1, 29.0) 0.89

Fasting PG (mmol/L) 4.7 (4.7, 4.8) 4.8 (4.7, 4.9) 4.8 (4.7, 4.9) 4.9 (4.8, 5.0)c 0.0011

1 h-PG (mmol/L) 7.4 (7.2, 7.5) 11.3 (10.8, 11.7)a 9.3 (8.9, 9.8)b,d 11.6 (11.2, 11.9)c,f <0.0001

2 h-PG (mmol/L) 5.2 (5.1, 5.3) 6.2 (5.9, 6.5)a 8.4 (8.0, 8.7)b,d 9.1 (8.8, 9.4)c,e,f <0.0001

HbA1c (%) 5.2 (5.2, 5.3) 5.3 (5.2, 5.4) 5.3 (5.2, 5.4) 5.3 (5.3, 5.4)c 0.0011

Triglycerides (mmol/L) 1.1 (1.0, 1.2) 1.2 (1.1, 1.4) 1.3 (1.2, 1.5) 1.4 (1.3, 1.6)c <0.0001

Total cholesterol (mmol/L) 5.1 (5.0, 5.2) 5.1 (4.9, 5.3) 5.2 (4.9, 5.4) 5.2 (5.0, 5.4) 0.59

HDL cholesterol (mmol/L) 1.4 (1.3, 1.4) 1.4 (1.3, 1.4) 1.3 (1.2, 1.4) 1.3 (1.2, 1.4)c 0.023

LDL cholesterol (mmol/L) 3.4 (3.3, 3.5) 3.4 (3.2, 3.6) 3.5 (3.3, 3.7) 3.6 (3.4, 3.7) 0.21

Systolic BP (mmHg) 122 (121, 124) 123 (119, 127) 125 (122, 129) 125 (122, 128) 0.20

Diastolic BP (mmHg) 76 (75, 77) 76 (74, 79) 79 (76, 81) 77 (75, 80) 0.12

Pulse (bpm) 71 (69, 72) 72 (69, 75) 72 (69, 74) 72 (70, 75) 0.42

ALT (U/L)g 22 (20, 23) 22 (18, 26) 22 (18, 26) 27 (24, 31)c 0.018

eGFR (ml/min) 103 (102, 103) 104 (100, 106) 105 (103, 108) 104 (102, 106) 0.082

Fasting insulin (mU/L) 8.6 (8.1, 9.1) 10.7 (9.3, 12.0)a 9.5 (8.2, 10.8) 10.1 (8.9, 11.2) 0.0019

M/I (mg⋅ml/(mU⋅kg⋅min)) 94.5 (90.5, 98.6) 90.2 (80.4, 100.1) 82.2 (72.3, 92.0) 69.0 (60.2, 77.8)c,e <0.0001

AIR (mU⋅min/L) 788 (722, 853) 513 (354, 672)a 684 (525, 842) 550 (408, 691)c <0.0001

DI (M/I x AIR x 10−3) 64.1 (59.9, 68.2) 42.4 (32.4, 52.5)a 47.6 (37.6, 57.6)b 33.0 (24.1, 42.0)c <0.0001

Continuous variables are displayed as mean (95% CI). Pearson’s Chi-square test was used for sex and Likelihood ratio Chi-square test was used for ethnic group. For age and
BMI, ANOVA was performed with Sidak post-hoc test for pairwise comparisons. For the rest of the continuous variables, general linear model was performed adjusted for
sex, ethnic group, age and BMI, with Sidak post-hoc test for pairwise comparisons. aNGT vs. 1 h-PGhigh only.

bNGT vs. 2 h-PGhigh only.
cNGT vs. 1 h-PGhigh and 2 h-PGhigh.

d1
h-PGhigh only vs. 2 h-PGhigh only.

e1 h-PGhigh only vs. 1 h-PGhigh and 2 h-PGhigh.
f2 h-PGhigh only vs. 1 h-PGhigh and 2 h-PGhigh.

gN = 52 for 2 h-PGhigh only group.

Table 3: Comparison of metabolic parameters between groups of non-diabetic Asians with and without isolated or combined elevated 1 h-PG and 2 h-
PG.
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corroborate our findings in a predominantly Chinese
(70%) population (Table 1). Moreover, repeating the
analyses using only the Chinese participants (N = 878)
yielded an optimal 1 h-PG cut-off of 10.4 mmol/L, which
would be even closer to what has been reported so far in
other studies. It is noted that two cohort studies (the
Korean study17 and a small Chinese study (n = 116)38) are
discordant with lower proposed 1 h-PG cut-offs of
8.0–8.55 mmol/L. Subtle differences in thresholds may
be due to the analytic method of glucose measurement
used in different studies – the hexokinase method was
reported to have a positive systematic bias of 0.2 mmol/
L vs. the glucose oxidase method.39 Some variability in
thresholds can also be attributed to the different follow
up durations.40 For example, over our 3-year study, 1 h-
PG performed similarly to 2 h-PG in predicting T2DM,
but studies with longer follow-up reported 1 h-PG was
superior to 2 h-PG.41
This study underscores the importance of not
assuming a one-size-fits-all approach as different ethnic
populations are unique in their etiology of T2DM pro-
gression. Compromising specificity for a higher sensi-
tivity is a good strategy for screening, as it will increase
chances of detecting those at risk of T2DM, while the
false positives will still benefit from a diabetes preven-
tion program that improves their lifestyle and diet
choices. However, due to the much higher prevalence of
1 h-PG ≥ 8.6 mmol/L at 53.0% compared with 1 h-PG ≥
10.7 mmol/L at 22.7%, the percentage of false positives
(FP/Total = (1−PPV) x prevalence) captured would rise
significantly from 17.6% to 47.2% if 8.6 mmol/L was
used instead of 10.7 mmol/L. Because the NPV values
do not differ much, the resulting decrease in percentage
of false negatives (FN/total = (1−NPV) x (1−prevalence))
would be less severe, from 1.0% to 0.3%. Hence, using
the global recommendation of 8.6 mmol/L would place
www.thelancet.com Vol 54 January, 2025
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an unnecessary economic burden on population
screening for T2DM risk from a population health
perspective.

All else being equal, choosing 1 h-PG over 2 h-PG
would be preferred since it is logistically easier, faster,
and more cost-effective for service providers, and more
convenient for patients. In a simulation model to esti-
mate the long-term cost-effectiveness of using 1 h-PG
vs. 2 h-PG for screening and assessing T2DM risk over
35 years, the 1 h-PG projected an overall cost saving of
approximately 8900 USD per quality-adjusted life year
gained.42 Besides being a good predictor of T2D, 1 h-PG
also performs similarly to, or better than, 2 h-PG in
predicting incidence of diabetes complications such as
retinopathy,43 cardiovascular disease44,45 and all-cause
mortality.25,44 Given these findings, a formal petition
was made to replace current 2 h-PG IGT criteria for
diagnosing prediabetes with 1 h-PG ≥ 8.6 mmol/L in
2018,46 and the International Diabetes Federation
recently published a position statement supporting the
use of 1 h-PG14

While the 2 h-PG had a slightly stronger association
with insulin action (M/I), the 1 h-PG was more closely
associated with insulin secretion (AIR), a conclusion
similar to that reached by Paddock et al.40 Our data
indicated that overall β-cell function (reflected by the
DI = AIR x M/I), was more closely associated with 1 h-
PG suggesting that 1 h-PG is a better indicator of β-cell
dysfunction than 2 h-PG. While findings from other
studies vary in regards to the association of these two
glucose indices with insulin sensitivity (M/I), their
conclusions on AIR and β-cell function are similar to
our study,12,47 reinforcing our conclusion that 1 h-PG is
closely linked with β-cell function. This does not
diminish the importance of insulin resistance nor IGT
in T2DM progression, In fact, in our study, the per-
centage conversion to T2DM within three years was
highest in individuals with combined elevated 1-h PG
and IGT (30.7%), than with isolated 1 h-PG alone
(8.6%), highlighting the importance of both insulin
sensitivity and secretion defects in the pathogenesis to
T2DM. Also, about two-thirds of individuals with
elevated 1 h-PG had IGT, indicating that the underlying
pathophysiology of these two phenotypes is highly
intertwined (Supplementary Table S6). However, given
the central role of β-cell dysfunction in the pathogenesis
of T2DM,48 and the higher contribution of impaired
insulin secretion towards the development of T2DM in
East Asians,49,50 using the 1 h-PG to identify those at risk
of T2DM would be highly clinically relevant in this
population.

The main strengths of our study are its large size and
the deep metabolic phenotyping of participants which is
unique among Asians. Through gold standard physi-
ology measures of insulin sensitivity (M/I derived from
the hyperinsulinemic-euglycemic clamp) and insulin
secretion (AIR) in this large cohort, we are able to
www.thelancet.com Vol 54 January, 2025
characterize the associations of impaired insulin secre-
tion, insulin resistance and β-cell dysfunction with
elevated 1 h-PG, building on the knowledge of previous
studies in predominantly Caucasian populations. How-
ever, a major limitation is that the short follow-up period
of three years does not adequately capture long-term
T2DM risk, which may be more relevant from a popu-
lation health standpoint. As this study was based in
Singapore, it might not accurately reflect the Asian
population in the region due to country-specific differ-
ences in healthcare access and other socio-economic
factors which can affect glycemic responses and dia-
betes onset.

In conclusion, the diagnostic performance of 1 h-PG
to detect Asians at risk of developing T2DM within three
years is on par with 2 h-PG. The optimal threshold for
identifying those at high risk is 10.7 mmol/L, which is
significantly higher than the widely used cut-off of
8.6 mmol/L. A lengthier duration of follow-up would be
needed to validate the utility of 10.7 mmol/L in the
assessment of T2DM risk beyond three years. Elevated
1 h-PG was associated with impaired insulin secretion
and β-cell dysfunction. Given the relatively higher
contribution of impaired insulin secretion in the path-
ogenesis of T2DM in East Asians which represents the
majority in our study population, as well as the time-
and cost-saving advantage over the 2 h-PG, we recom-
mend the 1 h-PG be considered as the primary post-load
glucose time point to identify Asians in this region who
are at elevated risk for T2DM.
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